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When and why did cell polarization arise? Recent work in bacteria and yeast suggests that polar-
ization may have evolved to restrict senescence to one daughter during division by enabling the 
differential segregation of damaged material. In more complex organisms, polarity functions have 
diversified to permit the differential inheritance of centrosomes, RNAs, proteins, and membranes, 
which is essential for the generation of diverse cell types from stem cells and for morphogenesis.Aging and the Origins of Cell Polarity
What do we mean by cell polarity? And how and why did it 
evolve? In broad terms, polarization implies the existence in 
any object not just of asymmetry but also of directionality. Actin 
microfilaments, for example, are polarized, whereas intermedi-
ate filaments and septin filaments are not, although all of these 
structures are asymmetric in the sense that they have a long and 
short axis. Applied to cells, the idea of directionality distinguishes 
morphologically unpolarized organisms from those that possess a clear polarity. This is most easily seen in unicellular organisms. 
For example, Staphylococcus aureus is spherical, whereas the 
bacterium Escherichia coli and the fission yeast Schizosac-
charomyces pombe are asymmetric in the sense that their cell 
shapes are cylindrical, but the two poles of the cylinder appear 
to be identical. Morphologically, therefore, they are unpolarized. 
On the other hand, Vibrio cholerae and Caulobacter crescentum 
provide instances of prokaryotes that are highly polarized: each 
has a flagellum at only one pole (Figure 1A).Figure 1. Types of Cell Polarity
(A) Degrees of cell polarization, with examples. (Electron micrograph of Staphylococcus aureus courtesy of T. Bae and O. Schneewind, University of Chicago; 
image of Caulobacter crescentus by Y. Brun, University of Indiana; electron micrograph of Escherichia coli, Rocky Mountain Laboratories, National Institute of 
Allergy and Infectious Diseases, National Institutes of Health.)
(B) Inheritance of old poles by a symmetrically dividing cell, such as E. coli. The oldest pole is purple. One cell will always retain this pole, whereas the other pole will 
always be new. If proteins or other cellular components can recognize old from new poles (gray), they can be segregated asymmetrically during each cell division.Cell 135, November 28, 2008 ©2008 Elsevier Inc. 801
Appearances can be deceiving, however, because E. coli and 
S. pombe exhibit functional polarity at a molecular level. Both 
organisms divide by extension of the long axis of the cylinder, 
which is then bisected by the formation of a septum. Nonethe-
less, the poles of each cylindrical cell are intrinsically different, 
given that one is created de novo in each cell cycle, whereas one 
is retained from the mother (Figure 1B). Over several generations, 
one cell will inevitably inherit an increasingly old pole. Remark-
ably, this form of polarity, though subtle, turns out to be of crucial 
importance, because in E. coli the cell that retains the mother 
pole through several generations ages; that is, it becomes less 
fit and has a reduced growth rate (Barker and Walmsley, 1999; 
Stewart et al., 2005). Therefore, the two poles of these appar-
ently unpolarized cells must be functionally distinct. Yet, it is not 
apparent a priori why this should be so—cellular structures are 
generally dynamic, and the constituents of the old pole could 
in principle be continually replaced. Indeed, components of the 
system that defines the division plane in E. coli oscillate rapidly 
between the two poles (Lutkenhaus, 2007). Why, then, would 
a cell retain an old pole, and consequently age? An important 
clue is the recent observation that in E. coli, protein aggregates 
accumulate preferentially in the daughter that possesses the 
older pole (Lindner et al., 2008), suggesting that the bacterium 
uses polarity to ensure that deleterious material is differentially 
inherited by aging cells (Nystrom, 2007). Although it remains 
to be proven that oxidized proteins or protein aggregates are 
causative factors in replicative aging, the correlation is strong 
(Desnues et al., 2003; Maisonneuve et al., 2008).
Replicative senescence also occurs in S. pombe but has not 
yet been tied directly to pole inheritance. Instead, it correlates with 
an asymmetry in cell diameter (Barker and Walmsley, 1999). How-
ever, the spindle poles of S. pombe are distinct, such that during 
mitosis only one of them recruits a kinase necessary for cytokine-
sis (Cerutti and Simanis, 1999). It will be of interest to determine 
whether the fatter (older) daughters accumulate oxidized proteins 
and correspond to daughters that inherit older cellular poles, or a 
specific spindle pole.
Similar behaviors have been observed in single-cell organ-
isms with a more obviously polarized morphology, such as Cau-
lobacter, or the budding yeast S. cerevisiae, and on the basis of 
these studies it has been proposed that the evolution of aging 
was contingent on the development of polarization (Ackermann 
et al., 2003). However, the coupling between inheritance of old 
poles and aging in unicellular organisms such as E. coli and S. 
pombe supports the opposite possibility: that the accumulation 
of damaged material is a problem common to all cellular organ-
isms and forced the evolution of cell polarity. Indeed, modeling 
studies support the rapid emergence of polarized cell division as 
a strategy to cope with accumulated damage (Ackermann et al., 
2007). Without a mechanism of differential inheritance that can 
actively segregate deleterious material into the “older” of two 
daughter cells, cells must remove accumulating damage with 
100% efficiency or the entire population would age and eventu-
ally die out. Lineage survival would be impossible. Polarized cell 
division, however, enables the rejuvenation of one daughter cell, 
at the expense of the other, in the absence of perfect damage 
repair. Hence, we propose that polarity evolved very early and is a 
universal and essential attribute of cellular organisms. A key test 802 Cell 135, November 28, 2008 ©2008 Elsevier Inc.of this idea will be to determine whether S. aureus undergoes rep-
licative senescence and whether the aging progeny accumulate 
oxidized protein aggregates. This bacterium is not only spherical 
(Figure 1A) but also divides successively over three generations 
along orthogonal planes (Giesbrecht et al., 1998), a remarkable 
process that ought to distribute cell components equally among 
the progeny, unless there exists a mechanism to anchor damaged 
material at a position offset from the three axes of division.
How might old poles recruit damaged proteins or other mate-
rial in cells? No mechanism has yet been uncovered, but proteins 
targeted to poles might accumulate over time to higher con-
centrations in older poles versus the new poles that arise as a 
consequence of cell division. Transmembrane proteins that are 
attached to the cell wall and are therefore unable to diffuse away 
from the pole might anchor protein aggregates or other material, 
and the asymmetry in abundance of these transmembrane pro-
teins between the two ends of the cell might then be sufficient 
to ensure an asymmetry in aging. If so, one prediction is that the 
overexpression or deletion of such anchoring proteins would dis-
rupt the asymmetry and lead to eventual extinction of the popula-
tion. However, if these proteins happen also to be essential for cell 
division, screens for aging genes in E. coli and S. pombe would 
be difficult to design.
Asymmetry and Aging in Budding Yeast and 
 Multicellular Organisms
The asymmetric cell divisions of the budding yeast S. cerevisiae 
have provided an important model system with which to investi-
gate the molecular basis both of polarity and senescence. The 
asymmetry is of two types. Morphologically, the formation of 
daughter cells does not occur randomly over the surface of the 
mother cell but either adjacent to the previous bud site (axial) or, 
in diploids, at the opposite end to the previous site (bipolar). Func-
tionally, asymmetry arises because the mother can switch mating 
type during cell division. Moreover, the bud differentially inherits 
new material produced in the mother cell—RNAs, proteins, and 
vesicles—which is delivered to the bud along actin cables. Older 
material is retained in the mother.
The overall process of bud formation in yeast involves four 
steps that generally apply to polarized cell divisions in many con-
texts (Park and Bi, 2007). First, a spatial cue must demarcate a 
unique zone of the cell cortex that will undergo polarized growth 
or modification, for example, next to the previous bud site. Sec-
ond, signals must transmit this spatial information to drive asym-
metric reorganization of the cytoskeleton; an example is actin 
cables that extend from the mother to the bud. Third, polarized 
transport of new materials to the marked region occurs along the 
cytoskeleton to the polarizing zone. And fourth, anchors and/or 
barriers are erected to limit the diffusion of these components 
away from the polarization zone. In S. cerevisiae, a cortical ring 
forms at the bud neck, composed of GTP-binding proteins called 
septins, which acts as a diffusion barrier (Gladfelter et al., 2001). In 
general, much is known about the signaling and polarized trans-
port steps, whereas less is understood about the assembly of 
landmarks and anchors or diffusion barriers.
The position at which the bud forms in S. cerevisiae is eas-
ily scored because a scar is left in the cell wall after cytokinesis. 
Importantly, old bud scars are seldom reused, so they provide 
Figure 2. Differential Inheritance of DNA 
Circles by Budding Yeast
A potential mechanism for the differential inheri-
tance of DNA circles is depicted. During mitosis, 
the nucleus penetrates into the bud, but a septin-
based diffusion barrier at the bud neck prevents 
the movement of nuclear pore complexes out of 
the mother cell. DNA circles, which contribute to 
aging, are anchored by the nuclear pore com-
plexes and thereby retained by the mother cell 
(Shcheprova et al., 2008).not only a convenient marker of cell polarization but also of the 
age of the mother cell. Pedigree analysis led to the realization 
that mothers do not live forever (Mortimer and Johnston, 1959). 
The life span of a yeast cell is generally around 20–30 divisions. 
Moreover, as cells age, they lose certain aspects of asymmetry. 
Old mothers express genes for both mating types rather than just 
one, for example, and tend to produce larger daughters, which 
are short-lived (Sinclair et al., 1998).
Is aging of the mother cell in S. cerevisiae related to its reten-
tion of old and potentially damaged material and by-products, as 
seems to be the case for E. coli? Aguilaniu et al. (2003) showed 
that oxidatively damaged proteins accumulate with replicative 
aging, and these are differentially inherited by the mother cell 
through a mechanism that involves the formation of aggregates 
with the chaperone, Hsp104p (Erjavec et al., 2007). Strikingly, dis-
ruption of normal damage segregation reduces the life span of 
the daughter. Moreover, disruption of sir2, a gene essential for 
normal longevity, results in a failure to properly segregate oxidized 
proteins, and this defect can be ameliorated by overexpression of 
Hsp104p, which re-establishes anchoring of damaged proteins 
by the mother cell (Erjavec et al., 2007).
Why are damaged proteins not simply removed by the normal 
protein degradation machinery? Some oxidative modifications 
to proteins are reversible, but carbonylation, which is produced 
by a metal-catalyzed reaction of amino acid side chains with 
reactive carbonyl groups, is irreversible and can trigger the 
formation of insoluble aggregates, which might be difficult to 
degrade. Nonetheless, multicellular organisms have evolved 
mechanisms to deal with this problem. For example, in the plant 
Arabidopsis thaliana, oxidation of proteins is sharply reduced 
prior to flower development (Johansson et al., 2004); and in 
mice, damaged proteins are eliminated during early embry-
onic development (Hernebring et al., 2006). It is noteworthy that 
aggregated proteins segregate asymmetrically in the embryonic 
neuroblasts of Drosophila. However, in this case, they accu-
mulate not in the daughter that differentiates but into the one 
that retains its stemness (Rujano et al., 2006). A similar situa-
tion has been observed for mammalian embryonic stem (ES) 
cells (Hernebring et al., 2006). These cells possess high levels 
of oxidized protein, which disappears when they differentiate, 
apparently as a result of upregulation of the 20S proteosome. 
Thus, in some cases it seems possible that degradation can rid 
cells of damaged proteins. Why budding yeast prefers segrega-
tion rather than degradation is unclear. Possibly the difference is 
related to unicellularity, for if oxidized proteins contribute to rep-licative aging, then their removal must be very highly efficient to 
prevent gradual accumulation over multiple generations, and the 
ultimate loss of the lineage. Replicative aging of stem cells within 
a multicellular organism is not necessarily deleterious, as long 
as it occurs predominantly after the production of “clean” germ 
cells, and progeny. Indeed, one might predict that germ stem 
cells would accumulate damaged material in order to protect 
the integrity of the differentiated gametes; and a related argu-
ment might even apply to somatic stem cells. Segregation of 
damaged proteins into one daughter of a unicellular organism 
might also be energetically more cost-effective than detection 
and degradation (Ackermann et al., 2007).
Replicative aging is a complex phenomenon and is not likely to 
be caused by a single factor, such as protein oxidation. Indeed, 
aging in budding yeast has also been correlated with the accu-
mulation of small, extrachromosomal DNA circles that arise from 
the ribosomal RNA locus (Sinclair and Guarente, 1997). There 
are 100–200 tandem repeats of the genes encoding the ribo-
somal RNAs, and homologous recombination between adjacent 
repeats occasionally generates a 3 µm circular ribosomal DNA 
(rDNA) molecule (Sinclair et al., 1998). These extrachromosomal 
rDNA circles (ERCs) accumulate over time, in part because they 
can replicate themselves once per S phase. Their accumulation 
correlates with disintegration of the nucleolus and with senes-
cence. Manipulations that increase the number of ERCs shorten 
the replicative life span of yeast. Moreover, increased expres-
sion of Sir2, which is an NAD-dependent histone deacetylase 
required for transcriptional silencing, reduces rDNA recombina-
tion and ERC formation and increases life span. Deletion of sir2, 
in contrast, increases ERC formation and substantially reduces 
longevity (Kaeberlein et al., 1999).
Strikingly, these DNA circles are confined to the mother cell. 
Thus, as we saw for E. coli, the daughter is protected from pre-
mature senescence by cell polarization. Failure to restrict the 
ERCs to the mother might explain why the daughters of old 
mothers are short-lived: they are born old. But how is differ-
ential inheritance of these ERCs accomplished? The ERCs are 
nuclear, after all, and the nuclear envelope remains intact during 
the closed mitosis of budding yeast. Hence, no obvious mecha-
nism could block the DNA circles from entering the daughter or 
anchor them in the mother side of the nucleus. Shcheprova et 
al., (2008) have now provided an answer to this pivotal question. 
They show that DNA circles are anchored to pore complexes 
in the nuclear envelope, which are selectively retained by the 
mother (Figure 2). Diffusion of pre-existing pore complexes from Cell 135, November 28, 2008 ©2008 Elsevier Inc. 803
the mother through the bud neck is prevented, perhaps by the 
septin ring, and new complexes are inserted into the nuclear 
envelope within the bud. Mutations in bud6, which disrupt the 
septin barrier, result in buds that fail to rejuvenate, and age 
prematurely. Thus, aging in yeast is controlled, at least in part, 
by the compartmentalization of cellular components between 
mother and daughter (Figure 2).
Notably, extrachromosomal circles of DNA are not confined 
to budding yeast and have been found in other eukaryotic 
organisms, including flies, frogs, and mammals (Cohen et al., 
1999; Cohen et al., 2003; van Loon et al., 1994). Whether they 
are related to cellular aging will be a key question for future 
work. For example, during germ cell development in multicel-
lular organisms, are these circles differentially inherited by the 
stem cells to avoid contamination of the gametes? Are diffu-
sion barriers involved in germ cell development, and might 
these barriers also be based on septins?
Differential Inheritance of Centrosomes
The central concept outlined above is that during an asym-
metric cell division not only is new material differentially 
inherited, but old components that either cannot be degraded 
or do not turn over at the same rate as cell division are also 
segregated in a polarized manner. Although polarity might 
have arisen originally as a solution to the problem of ensur-
ing rejuvenated progeny, its functions have diversified, par-
ticularly in more complex, multicellular organisms. Multiple 
cellular components are differentially inherited, sometimes to 
confer differential cell fates, but in other cases for reasons 
that remain unclear.
A particularly striking example of dif-
ferential inheritance of cell components 
involves the spindle pole bodies. These 
structures are the budding yeast equiva-
lent of centrosomes and are embedded 
in the nuclear envelope, which remains 
intact through mitosis (Figure 3A). They 
duplicate during interphase by a conser-
vative mechanism, which generates an 
“old” spindle pole body and a “young” 
spindle pole body (Bornens and Piel, 
2002). The two spindle pole bodies then 
separate to form the opposite poles of 
the mitotic spindle. Cytoplasmic micro-
tubules orient the spindle pole bodies 
along the mother-bud axis and begin to 
pull the nucleus through the bud neck. 
What is quite remarkable, however, is that it is always the 
old spindle pole body that aligns with and enters the bud, 
whereas the new one remains in the mother (Pereira et al., 
2001). Therefore, an intrinsic polarity is built into spindle pole 
body inheritance (Figure 3A). The core components of the 
spindle pole bodies turn over only very slowly, so they may be 
inherited through multiple generations. Given that the mother 
cell eventually ages and dies, the oldest spindle pole avoids 
this fate, as it is always passed on to the new bud, which one 
might refer to as the “immortal spindle pole body hypothesis.” 
However, the function of this intriguing asymmetry is still a 
mystery. Although proteins required for mitotic exit associate 
specifically with the spindle pole body that migrates into the 
bud, this asymmetry is unrelated to the age of the spindle 
pole body and instead is coupled to proximity to the bud. 
Possibly the ability of the old and young spindle pole bodies 
to bind microtubules or to sense tension in the microtubules 
is different, and this might be important to ensure an efficient 
mitosis. Or perhaps the differential inheritance of other com-
ponents is somehow dependent on the old spindle pole body 
entering the bud.
A distinction between the spindle poles is also seen in the 
fission yeast S. pombe. As mentioned above, in this organism a 
protein kinase is recruited to only one of the two spindle poles 
during anaphase. It is recruited by a small GTPase, which is 
switched off at the opposite pole by the specific recruitment of 
a GTPase activating protein (GAP) (Cerutti and Simanis, 1999). 
The kinase is required for septum formation. However, whether 
the young or old spindle pole recruits the GAP remains to be 
determined.
Figure 3. Asymmetric Inheritance of Spindle 
Pole Bodies and Centrosomes
(A) In budding yeast, the old spindle pole body 
is inherited by the daughter, whereas the young 
spindle pole body is retained by the mother.
(B) In the germline stem cells of Drosophila, the 
old centrosome remains in the stem cell, probably 
by attachment through microtubules to the adhe-
rens junction between the stem cell and the hub 
cell. The differentiating daughter inherits the young 
centrosome.804 Cell 135, November 28, 2008 ©2008 Elsevier Inc.
In higher organisms, the structure equivalent to the spindle 
pole body is the centrosome (Figure 3B). Each centrosome 
contains two centrioles, which, like the spindle pole body, 
undergo conservative duplication (Bornens and Piel, 2002). 
Thus, the centrioles in any centrosome are nonequivalent: one 
will always have been assembled at least one generation before 
the other. Moreover, just as for yeast spindle pole bodies, the 
centrosomes behave differently and can be differentially inher-
ited. This polarity has perhaps been best described in the germ 
stem cells of Drosophila (Yamashita and Fuller, 2008). The male 
germline stem cells are located within a niche that determines 
their fate (Figure 3B). Cells that remain physically attached to 
the somatic hub cells in the niche remain as stem cells, whereas 
daughters that lose contact with the niche undergo differentia-
tion. This asymmetry is assured by aligning the spindles, such 
that mitosis occurs in an orientation perpendicular to the hub 
cells, so one daughter cell can remain attached while the other 
cannot. How is this orientation arranged? It is probably deter-
mined by an adherens junction, which forms between the stem 
cell and the hub cell, and to which astral microtubules radiating 
from the centrosome are anchored through the adenomatous 
polyposis coli (APC2) protein (Yamashita et al., 2003). Loss of 
adhesion allows the stem cells to drift away from the hub cells 
and lose their stem cell identity (Song et al., 2002; Wang et 
al., 2006). Centrosome misorientation results in a transient cell 
cycle arrest, which might provide a mechanism to ensure cor-
rect asymmetric cell division; and in aging stem cells, this mis-
orientation leads to a prolonged arrest that contributes to the 
decline in spermatogenesis (Cheng et al., 2008). Strikingly, the 
daughter cell that adheres to the hub cells also inherits the old 
centrosome (Yamashita et al., 2007). Given that centriole com-
ponents turn over only very slowly, the germline stem cells will 
possess “immortal” centrioles that were assembled many gen-
erations earlier—just as happens with the spindle pole body in 
budding yeast.
This asymmetry arises because young and old centrosomes 
are functionally distinct for part of the cell cycle. In interphase, 
the old centrosome remains attached via microtubules to the 
adherens junction while the other does not associate with 
microtubules efficiently and migrates away. This difference 
in behavior may arise from differences in mature and imma-
ture centrioles. Mature centrioles, at least in mammalian cells, 
possess appendages that can capture microtubules, whereas 
immature centrioles lack appendages and can nucleate micro-
tubules but not capture them. Given that maturation takes one 
and a half to two generations, the two centrosomes differ from 
one another even though each contains two centrioles. Droso-
phila centrioles do not appear to contain similar appendages, 
but young centrioles are consistently shorter than old ones, 
which might confer a difference in function.
Does a similar inheritance pattern occur in other types of 
stem cells? During the asymmetric cell divisions of neuroblasts 
of Drosophila larvae, the centrosomes also show distinct 
behaviors, in that one remains near the apical cortex, retains 
pericentriolar material, and maintains a robust attachment to 
the astral microtubules. The other wanders around the cell until 
moving just before mitosis to the basal side, where it acquires 
microtubule-organizing activity (Rebollo et al., 2007; Rusan and Peifer, 2007). However, whether the stationary centrosome 
always contains the oldest centriole remains to be determined. 
The development of new activatable fluorescent proteins such 
as Dronpa should make studies of centrosomal inheritance 
more tractable.
The intrinsic difference between centrosomes might permit 
the asymmetric inheritance of fate determinants and other cel-
lular components. For example, as will be discussed below, 
during mollusc embryogenesis the centrosomes in certain 
cells differentially associate with specific mRNAs, which are 
then segregated asymmetrically during division (Kingsley et al., 
2007; Lambert and Nagy, 2002). Centrosomes have recently 
been implicated as a major locus for protein degradation and, 
unexpectedly, show an asymmetric inheritance of associated 
polyubiquitinated proteins even during the symmetric cell divi-
sions of somatic cell lines grown in culture (Fuentealba et al., 
2008). What the function of such unequal distribution might 
be remains to be determined. It also remains unclear whether 
the young or old centrosome preferentially is associated with 
proteins marked for degradation. Intriguingly, other forms 
Figure 4. The Immortal Strand Hypothesis
(A) A schematic of differential retention of parental DNA strands by the stem 
cell. The first division shown is symmetric, leading to amplification of the stem 
cell population. The second division shows one asymmetric division in which 
the stem cell retains the parental strands; the other is a classical symmetric 
division. Green represents bromodeoxyuridine (BrdU) labeling.
(B) Schematic of a small intestinal crypt showing the organization of stem 
cells and other cell types. In this tissue, both the +4 cell that shows BrdU label 
retention (an attribute of the immortal strand) and crypt base columnar cells 
(CBCs), which do not retain label, function as intestinal stem cells.Cell 135, November 28, 2008 ©2008 Elsevier Inc. 805
of unequal distribution have been 
described during apparently symmet-
ric cell divisions. For example, during 
cytokinesis, the midbody structure that 
accumulates prior to abcission is often 
asymmetrically inherited by one daugh-
ter cell (Goss and Toomre, 2008; Grom-
ley et al., 2005), although in neural stem 
cells it is discarded into the extracellu-
lar space (Dubreuil et al., 2007).
Asymmetric Cell Division and 
Differential Inheritance of DNA
Many years ago, the accumulation of 
3H-thymidine into murine embryonic 
fibroblasts was found to segregate in 
a nonrandom fashion, which was inter-
preted as denoting a differential inheri-
tance of sister chromatids (Lark et al., 
1966). With the development of the 
stem cell concept, the idea arose that 
the integrity of the stem cell genome 
might be maintained if, during a polar-
ized cell division, the oldest template 
strand were to be always segregated 
into the daughter cell that retains stem-
ness (Figure 4A). Errors occurring dur-
ing DNA replication would be passed 
on to the differentiating daughter cell 
(Cairns, 1975, 2006). Epigenetic infor-
mation would also be differentially 
inherited by this mechanism.
To test the “immortal strand hypoth-
esis,” investigators have used long-
term pulse-chase labeling of replicat-
ing DNA with bromodeoxyuridine (BrdU), which identifies 
cells in which the label is retained over multiple divisions. 
In a number of cases, notably murine neural, muscle, and 
intestinal stem cells, nonrandom partitioning of DNA has 
been reported. For the neural stem cells grown in vitro, the 
BrdU-retaining cells were actively dividing and expressed 
markers for neural progenitors (Karpowicz et al., 2005). 
In other cases, however, such studies have often failed to 
detect asymmetric segregation of the DNA—for instance, in 
C. elegans and mouse embryos (Kiel et al., 2007; Kimble and 
Crittenden, 2007).
Moreover, recent lineage-tracing experiments have shown 
that, at least in the small intestinal epithelium, true stem cells 
do not necessarily retain BrdU label (Barker et al., 2007) (Fig-
ure 4B). The absorptive epithelium of the small intestine is 
folded into villi and crypts, and the label-retaining cells are 
located at “position +4” immediately above the Paneth cells 
near the base of the crypts (Potten et al., 2002). However, via 
lineage tracing from cells that express the G protein coupled 
receptor Lgr5, the stem cells were identified as distinct, crypt 
base columnar cells that are localized between the Paneth 
cells and beneath the +4 cells (Barker et al., 2007). Nonethe-
less, the +4 cells are self-renewing, essential for crypt main-
tenance, and can give rise (though 
much more slowly than the Lgr5 cells) 
to various differentiated cell types 
(Sangiorgi and Capecchi, 2008). They 
may function as quiescent, pluripo-
tent progeny of the Lgr5 stem cells, or 
perhaps as a distinct stem cell popu-
lation. Whatever the case, label reten-
tion can produce false positives, and 
whether the “immortal strand” is a 
common or important feature of stem 
cells remains an open question.
Differential Inheritance of Cell 
Fate Determinants
The differential inheritance of fate 
determinants is used to generate 
diverse cell types during development 
of multicellular organisms and is used 
in yeast to switch mating types. These 
determinants, which can be RNAs or 
proteins, have diverse functions that 
ultimately control programs of gene 
expression to either suppress or drive 
cell differentiation along a particular 
lineage. For example, in asymmetric 
division of the fly neural precursors, 
the formation of differentiated prog-
eny depends on a transcription factor 
called Prospero, but also on an adap-
tor protein called Numb, which nega-
tively regulates signaling through the 
Notch pathway (Knoblich, 2008). The 
mechanisms that ensure the differen-
tial inheritance of these factors during 
neuroblast division are known in considerable detail, although 
several issues remain unresolved.
Neuroblasts begin life as cells of the neuroectoderm polarized 
on the apico-basal axis (Zhong and Chia, 2008). A complex of 
conserved polarity proteins, Par-3, Par-6, and atypical protein 
kinase C (aPKC), is localized at the apical surface of the ectoderm. 
Neurogenesis involves the extrusion of the neuroblasts from the 
epithelial sheet in a basal direction, through a process that is not 
well understood but that retains the pre-established polarity. The 
apical surface of the neuroblast retains contact with the overlying 
epithelium, which is important for orientation during cell division 
(Siegrist and Doe, 2006). During neuroblast mitosis, the Par pro-
teins act both to restrict fate determinants to the opposite pole 
of the cell, away from the epithelium, and to orient the spindle 
poles along the same axis, such that when the cell divides, the Par 
proteins stay in the apical daughter. The apical daughter retains 
stemness, whereas the fate determinants are segregated into the 
basal daughter, which differentiates (Knoblich, 2008). The reten-
tion of the Par proteins, and in particular aPKC, is important for 
self-renewal of the neuroblast (Lee et al., 2006).
Despite the clear separation of the Par complex and fate 
determinants to opposite sides of the neural precursors, both 
sets of proteins are highly dynamic, so there must be an ongo-
Figure 5. Numb Phosphorylation by aPKC 
 during Asymmetric Cell Division in Drosophila
Phosphorylation of the Par-6 polarity protein releases 
its inhibitory effect on atypical protein kinase C (aPKC), 
which enables the kinase to phosphorylate Lgl. Lgl is 
then replaced by Par-3 in the complex, which recruits 
Numb to be phosphorylated. Phosphorylated Numb is 
released from the cell cortex. Given that Par-3 is re-
stricted to the cortex on one side of the cell, Numb 
becomes restricted to a cortical crescent on the op-
posite side (Wirtz-Peitz et al., 2008).806 Cell 135, November 28, 2008 ©2008 Elsevier Inc.
ing sorting process that occurs throughout asymmetric cell 
divisions. Exactly how this sorting occurs has been unclear, 
but a plausible mechanism has recently been suggested by 
Knoblich and coworkers (Wirtz-Peitz et al., 2008). They found 
that Aurora-A, a mitotic kinase required for Numb asymmetry, 
can phosphorylate Par-6 and release it from aPKC. Given that 
Par-6 inhibits aPKC, the release stimulates aPKC kinase activ-
ity, which enables it to phosphorylate and inactivate Numb, 
releasing it from the cell cortex (Betschinger et al., 2003). Thus, 
Numb can only associate with the cortex in regions where the 
Par complex is absent (the basal region in neuroblasts). The 
underlying mechanism for Numb phosphorylation involves a 
switch in the specificity of the aPKC, driven by a change in bind-
ing partners (Figure 5). Initially, Par-6 and aPKC are associated 
with a different polarity protein, called Lgl. Phosphorylation of 
Lgl by active aPKC triggers its disassociation and replacement 
by Par-3. Par-3 recruits Numb, which is then phosphorylated. 
Thus, the initial phosphorylation of Par-6 triggers a change 
in binding partners that alters the substrate specificity of the 
aPKC (Wirtz-Peitz et al., 2008).
These phosphorylations can explain how fate determi-
nants can be excluded from the cortical region where aPKC 
is localized, but they do not explain how they are anchored at 
the opposite pole. Two other fate determinants, Prospero and 
Brat, bind to an adaptor that is essential for their basal localiza-
tion in neuroblasts, but it remains unclear how the adaptor is 
anchored. Moreover, Prospero needs to enter the nucleus after 
cell division in order to switch on the differentiation program 
(Shen et al., 1997), but what triggers this switch in localiza-
tion remains enigmatic. Finally, we need to understand how the 
apical cap of Par proteins is maintained in the neuroblast after 
delamination. What prevents them from dispersing over the 
entire cell cortex? A likely possibility is that in fact the Par pro-
teins do diffuse away from the apical region but are excluded 
from the basal cortex. There is evidence for this type of mecha-
nism in Drosophila epithelial cells, where a basolateral polarity 
protein called Par-1 phosphorylates Par-3, triggering its disas-
sociation from the cortex. In mutants lacking functional Par-1, 
Par-3 becomes dispersed down the lateral membrane (Benton 
and Johnston, 2003). Another possible mechanism to restrict 
dispersal is oligomerization, which could trap proteins in large 
complexes that would have low diffusion rates. There is evi-
dence that Par-3 can form such oligomers (Feng et al., 2007). 
In addition, Par-3 has been reported to bind to phosphoinositi-
des, which might contribute to its cortical localization (Wu et 
al., 2007). Possibly other polarity proteins and cell fate determi-
nants use similar mechanisms for membrane attachment.
Oriented mitosis, coupled with the polarization of fate deter-
minants, is a fundamental mechanism for generating diverse 
cell types that is used throughout eukaryotes. In many cases, 
the molecular machinery required for orientation and polariza-
tion has been conserved, though not universally. For instance, 
the Par-3/Par-6/aPKC group of polarity proteins operates in 
the first asymmetric cell divisions of C. elegans, in Drosophila, 
and in vertebrates; and another set of proteins, including Pins, 
NuMA, and the Gαi subunit of heterotrimeric G-proteins, plays 
a key role in orienting the mitotic spindle in this same range 
of organisms; but none of these proteins are found in fungi or plants (Goldstein and Macara, 2007; Gonczy, 2008). Moreover, 
multiple mechanisms operate within different cell populations 
in the same organism. For example, the asymmetric divisions 
of Drosophila neuroblasts are cell autonomous, but those of 
the male germline stem cells are determined non-cell autono-
mously by adhesion to, and signaling from, adjacent hub cells 
(Figure 3B). Other signaling pathways also impact on spindle 
orientation. In the neuroblast, Par-3 at the apical crescent 
recruits an adaptor protein called Inscuteable, which in turn 
recruits Pins (Partner of Inscuteable) and Mud (the fly version 
of NuMA), which somehow (perhaps through dynein) attaches 
astral microtubules to the apical cell cortex, to ensure cor-
rect spindle orientation (Knoblich, 2008). However, a sepa-
rate, redundant system is present that can rescue orientation 
defects later in the cell cycle, through the attachment of astral 
microtubules to Discs large, a polarity protein that can also 
bind to Pins (Siegrist and Doe, 2005). This same system oper-
ates in a different stem cell model, the sensory organ precursor 
cells of Drosophila. However, in this case the localization of 
Discs large and Pins depends on a distinct signaling pathway, 
which controls planar cell polarity (Bellaiche et al., 2004; Lu et 
al., 1999). This pathway might be of widespread importance in 
differential inheritance and has been implicated in the orienta-
tion of cell division during gastrulation of zebrafish (Gong et al., 
2004) and in asymmetric cell divisions of C. elegans (Kidd et 
al., 2005; Korswagen, 2002).
Generally, it seems likely that the core polarity proteins have 
evolved multiple functions, coupling to different signaling path-
ways in a context-dependent fashion. It will be important to 
dissect out these contextual functions as some might be inde-
Figure 6. Differential Inheritance during Asymmetric Stem Cell 
Division
Schematic showing examples of cellular components either known to be dif-
ferentially segregated during stem cell divisions or that we speculate might be 
inherited in a differential fashion. Many components, such as cell fate deter-
minants, are presumed to segregate during all asymmetric stem cell divisions 
but have been definitively shown to do so only in certain model organisms, 
such as Drosophila.Cell 135, November 28, 2008 ©2008 Elsevier Inc. 807
pendent of polarity, or link polarity to apoptosis or cell prolif-
eration, which might impact cancer progression. In support of 
this notion, the Scribble polarity protein functions as a tumor 
suppressor in Drosophila, and loss of Scribble from human 
epithelial cells inhibits apoptosis and enhances transformation 
by the Myc oncogene (Zhan et al., 2008).
Differential Inheritance of RNAs
Partitioning of RNA molecules into only one daughter cell at 
mitosis is another mechanism contributing to differential cell 
fate specification during asymmetric cell division (Figure 6). 
The budding yeast S. cerevisiae offers one of the best-char-
acterized examples of this phenomenon. The ASH1 mRNA 
concentrates in the newly formed bud and is inherited by the 
daughter cell (Gonsalvez et al., 2005). The resulting Ash1p 
protein prevents mating type switching of the daughter cell. 
Mother cells do not express Ash1p and can switch mating type, 
thus allowing mating and formation of diploid cells. Formation 
of such diploid cells can contribute to survival of a population 
because diploid cells are more efficient in repairing DNA dam-
age and can meiotically divide and give rise to spores upon 
nutritional starvation.
Asymmetrically distributed RNAs are also widespread in 
oocytes and early embryos, where they function as localized 
determinants that control axis formation and cell fate specifi-
cation (King et al., 2005; Palacios and St Johnston, 2001). For 
example, P granules in the C. elegans zygote, which are dif-
ferentially inherited by the P1 cell during the first asymmetric 
cell division, contain a number of RNAs that are essential for 
gametogenesis. In Drosophila, similar granules that localize to 
the posterior pole of the oocyte (from which the germline will 
develop) contain an RNA responsible for transcriptional repres-
sion of somatic genes. A recent global analysis has revealed 
that during early Drosophila embryogenesis, 71% of mRNAs 
exhibit a variety of distinct localization patterns, pointing to a 
remarkable complexity of localization mechanisms and func-
tions (Lecuyer et al., 2007).
The mechanisms underlying RNA localization have been 
intensely studied and have led to a general model according 
to which localization involves active transport of the RNA on 
microtubules or actin filaments followed by anchoring at the 
final destination (Gonsalvez et al., 2005; St Johnston, 2005). 
Targeting is directed by specific sequence elements within the 
RNA. These elements are recognized by RNA-binding proteins, 
which in turn couple the RNA, directly or indirectly, to molecu-
lar motors (kinesin, dynein, or myosin) that transport the RNA 
to the site of anchoring. However, this is likely a simplified ver-
sion of the in vivo situation.
For instance, in several different systems, there is a little-
understood connection between RNA transport and endoplas-
mic reticulum (ER) trafficking. Yeast mRNAs are cotransported 
with cortical ER into the incipient bud; in Xenopus oocytes, 
vegetal cortex-localized RNAs associate with ER membranes; 
gurken mRNA in Drosophila oocytes localizes to ER exit sites, 
and proper secretion of Gurken protein requires a ribonucleo-
protein complex that is found at ER exit sites and mediates their 
formation (Gerst, 2008). Interestingly, a connection with ER 
trafficking is not only exhibited by mRNAs encoding secreted 808 Cell 135, November 28, 2008 ©2008 Elsevier Inc.or transmembrane factors but also by mRNAs encoding sol-
uble cytosolic or nuclear proteins. For example, the mRNAs 
encoding Ash1, a transcriptional repressor, and Sro7, a SNARE 
regulator and member of the lethal giant larvae (Lgl) tumor 
suppressor family, associate with and are cotransported with 
the cortical ER into the growing yeast bud (Aronov et al., 2007; 
Schmid et al., 2006). Therefore, mRNA-ER cotrafficking does 
not appear to be simply a means of increasing the efficiency of 
targeting of nascent proteins to the secretory pathway. Similar 
observations of mRNAs for soluble cytosolic proteins partition-
ing with the ER have also been reported. However, the func-
tional significance of this partitioning remains unclear (Gerst, 
2008; Nicchitta et al., 2005).
An additional point of complexity concerns the association 
and transport of RNAs on cytoskeletal tracks. High-resolution, 
live-cell imaging experiments in mammalian cells have sug-
gested that the presence of a localization element within an 
mRNA does not simply mediate association of the RNA with 
cytoskeletal motor complexes (Bullock et al., 2006; Fusco et al., 
2003). On the contrary, even nonlocalized, uniformly distributed 
RNAs associate with and randomly move along cytoskeletal 
tracks, and this appears to be important for the ability of these 
RNAs to uniformly diffuse in the viscous cytoplasmic environ-
ment. Polarized RNA distribution, when a localization element 
is present, results from alterations in the frequency, velocity, 
and duration of movement toward a specific direction.
Once at their final destination, RNAs are anchored through 
various mechanisms. In some cases, a role for actin or actin-
associated proteins has been suggested but without knowledge 
of the exact molecular details. A distinct mechanism operates 
in the case of gurken and of pair rule mRNAs in Drosophila. 
Anchoring depends on the microtubule motor dynein, which is 
converted to a static anchor at the final destination (Delanoue 
and Davis, 2005; Delanoue et al., 2007). Another microtubule-
based mechanism involves anchoring of a large group of RNAs 
at microtubule plus ends through the APC tumor suppressor 
(Mili et al., 2008). Finally, in Xenopus oocytes, coding and non-
coding RNAs have been suggested to exert structural roles in 
maintaining the integrity of the cytokeratin cytoskeleton at the 
vegetal cortex. Destruction of these transcripts leads to disrup-
tion of the cytokeratin network and, in turn, prevents anchoring 
of other RNAs at the vegetal cortex (Kloc et al., 2005).
Apart from targeted transport of RNAs or their anchoring 
at sites that will be inherited by one daughter cell, an addi-
tional mechanism leading to asymmetric inheritance of RNAs 
has been described during early embryonic cleavages of mol-
lusk embryos. It involves association of different mRNAs with 
centrosomes that are asymmetrically inherited upon cell divi-
sion (Lambert and Nagy, 2002). Centrosomal RNA has been 
detected also in other organisms (Lecuyer et al., 2007; Ped-
erson, 2006). It will be of interest to determine whether cen-
trosomal RNA inheritance correlates with differential inheri-
tance of young and old centrosomes.
The functional significance of asymmetrically inherited RNAs 
is clear only in certain cases. For example, localization of ash1 
mRNA in the yeast bud is required for expression of the Ash1 
protein specifically in the daughter cell. Failure to localize the 
RNA leads to distribution of Ash1p throughout the mother and 
daughter cells and prevents mating type switching in both of 
them. In other cases, however, RNA localization is not required 
for asymmetric protein distribution. Mutants that cannot prop-
erly localize prospero mRNA in Drosophila neuroblasts can 
still segregate the Prospero protein through the use of protein 
targeting signals and develop normal ganglion mother cells. In 
such cases, RNA localization may serve as a backup mecha-
nism that ensures efficient protein segregation. Other roles are 
likely carried out by RNAs that are localized in the yeast bud 
but give rise to proteins that are not asymmetrically distributed 
(Shepard et al., 2003). Mislocalization of these RNAs does not 
appear to significantly affect the fitness of the progeny. It is 
possible that the role of such RNAs is not directly related to 
localized protein translation but rather to translation-indepen-
dent functions. Alternatively, the increased RNA concentra-
tion or the “new” proteins produced from them might provide 
the daughter cell with a fitness advantage that has not been 
detected with the assays used thus far.
Are messenger RNAs the only types of RNAs involved in cell 
fate specifications? Likely not; piRNAs, a class of 21 nucleotide 
small RNAs, enriched in the germline, are additional candi-
dates. In C. elegans, they interact with the Piwi family member 
PRG-1, which localizes to P granules, cytoplasmic structures 
that are asymmetrically transferred to daughter cells and spec-
ify the germ cell lineage (Batista et al., 2008).
Differential Inheritance and Vesicular Traffic
A priori, one might imagine that polarized vesicle traffic would 
play a major role in asymmetric cell divisions, but with the 
exception of budding yeast, there has been remarkably little 
work to investigate this possibility (Figure 6). For example, 
before the Drosophila embryonic neuroblast delaminates from 
the epithelium, it possesses an apical/basal polarity gener-
ated by polarized membrane sorting (Knoblich, 2008). There-
fore, different transmembrane proteins will populate the apical 
cortex of the neuroblast as compared to the basolateral cor-
tex, and the neuroblast daughter retains these apical proteins 
during each asymmetric division. However, whether specific 
membrane proteins function in these divisions, for instance to 
retain the Par complex in the apical crescent, remains to be 
determined. A similar membrane polarity is necessary for the 
asymmetric cell divisions of the male germline stem cells of 
Drosophila. As discussed above, these cells form an adherens 
junction with the hub cells adjacent to them. During cell divi-
sion, the daughter that retains the junction remains as a stem 
cell, while the other daughter differentiates. Polarized vesicular 
delivery of E-cadherin to the region of the cortex in contact 
with the hub cell is necessary to assemble and maintain the 
adherens junction (Song et al., 2002). However, it is not known 
whether other types of vesicles are delivered specifically to the 
differentiating daughter cells in these examples.
In S. cerevisiae, bud formation absolutely depends on the 
polarized delivery of new vesicles to the nascent bud (Casa-
mayor and Snyder, 2002). The vesicles, which carry enzymes 
for cell wall synthesis as well as landmark factors and other 
transmembrane proteins, are transported by a myosin motor 
along actin cables to the bud, where they are anchored prior to 
fusion with the plasma membrane. Delivery is initially focused on the apical tip of the bud but later spreads over the entire bud 
surface, until just prior to cytokinesis, when it repolarizes in the 
opposite direction, to deliver vesicles to the bud neck between 
mother and daughter. Given that the septin ring forms a diffu-
sion barrier at the neck, newly synthesized proteins delivered 
to the bud plasma membrane may be trapped in the bud, undi-
luted by old proteins from the mother.
Anchoring of the vesicles involves an interaction between 
a large protein complex on the plasma membrane, called the 
exocyst, and a Rab GTPase associated with the vesicle. Exo-
cyst localization to the bud tip depends on the localized acti-
vation of Rho family GTPases (Brennwald and Rossi, 2007). 
Fusion of the vesicles to the plasma membrane is driven by the 
formation of a complex of SNARE proteins derived from the 
two membrane compartments. Interestingly, a yeast homolog 
of the Lgl polarity protein is believed to inhibit exocytosis by 
sequestering the SNARE on the plasma membrane (Hatten-
dorf et al., 2007)—a mechanism perhaps related to the role of 
Lgl in inhibiting Par-6/aPKC function in neural precursors of 
Drosophila.
There are hints that polarized vesicle transport is an impor-
tant component of differential inheritance during asymmetric 
divisions in both Drosophila and C. elegans. For example, ret-
rograde traffic from the endosome to the Golgi has recently 
been implicated in the terminal asymmetric division of epithe-
lial stem cells in C. elegans (Kanamori et al., 2008). Differen-
tial inheritance of β-catenin between daughters of these cells 
determines their subsequent fate. Although β-catenin is a sol-
uble protein, other components of the Wnt polarity pathway 
are transmembrane proteins that are delivered to the plasma 
membrane in vesicles. The retrograde transport pathway might 
reduce the sorting of these polarity proteins into lysosomes, 
where they would otherwise be degraded. A phospholipase A1, 
which could regulate membrane traffic, appears to have the 
opposite effect, either inhibiting retrograde transport or stimu-
lating lysosomal targeting (Kanamori et al., 2008). Strikingly, in 
addition to controlling the polarized distribution of β-catenin, 
the phospholipase and the retrograde transport system are 
also required for correct spindle orientation in these stem cells. 
Possibly there is a differential delivery of vesicles containing a 
cortical factor that interacts with the astral microtubules.
During the first asymmetric division of sensory organ pre-
cursor cells in Drosophila, recycling endosomes accumulate 
around the centrosome of one daughter cell (pIIb) but not the 
other, and this is a key event in controlling Notch/Delta signal-
ing (Emery et al., 2005). Two regulators of the Notch signaling 
pathway are segregated into the pIIb cells. These proteins both 
act on the Notch pathway by promoting endocytosis either of 
Notch itself or of the Notch ligand, Delta. The differential sig-
naling between the daughter cells then determines their fate 
in subsequent divisions. Interestingly, Jafar-Nejad et al. found 
that a mutation in a subunit of the exocyst causes a defect in 
fate determination during these divisions that is consistent with 
a loss of Notch signaling (Jafar-Nejad et al., 2005). The impli-
cation is that differential vesicle trafficking in the two daugher 
cells ensures that only one of them (pIIb) becomes a signal-
sending cell, whereas the other receives the signal, and this 
directionality determines subsequent cell fates.Cell 135, November 28, 2008 ©2008 Elsevier Inc. 809
Finally, recent studies of embryogenesis in plants have identified 
a role for endocytic recycling to establish the polarized location of 
PIN family proteins, which function as efflux carriers for auxins. 
Correct auxin distribution is critical for cell fate determination in 
Arabidopsis development. Initially, PIN is delivered uniformly to 
the plasma membrane and must be endocytosed to enable the 
final asymmetric localization (Dhonukshe et al., 2008)
These examples hint at a broad involvement of polarized 
vesicle traffic in asymmetric cell division and differential inheri-
tance of cellular components—an involvement that has barely 
begun to be investigated.
Conclusions
We have discussed several ideas in this review that we feel are 
worth exploring experimentally. First, we suggest that polarity is 
a universal attribute of cellular organisms that arose initially not to 
control morphogenesis but as a solution to the pivotal problem 
of lineage senescence. A prediction of this idea is that even S. 
aureus, an apparently symmetric and unpolarized organism, will 
exhibit replicative senescence. Polarized cell divisions enable the 
segregation of damaged materials into one daughter cell, enabling 
the other daughter to survive through multiple future divisions, 
but how is this segregation accomplished? Are nuclear pore 
complexes involved in the segregation of cellular components in 
organisms other than budding yeast? Does the septin ring at the 
yeast bud neck trap DNA circles and oxidized protein/chaperone 
complexes in the mother cell? Are there membrane-bound recep-
tors for oxidized proteins? In eukaryotic cells, are centrosomes 
involved in sorting damaged proteins between daughters? Sec-
ond, we suggest that differential inheritance of cellular compo-
nents might be much more widespread than is generally appre-
ciated. How many RNAs are differentially inherited during stem 
cell divisions? Do RNAs become segregated between the old 
and young centrosomes in stem cell divisions? Are micro RNAs 
segregated into different daughter cells? How important is polar-
ized vesicle transport in such divisions? Do transmembrane pro-
teins function as receptors to recruit polarity proteins or attach 
astral microtubules during asymmetric cell divisions? Do such 
receptors define the segregation of fate determinants between 
daughters? Are other cellular components such as mitochondria, 
endoplasmic reticulum, or Golgi ever differentially inherited, for 
instance such that newly synthesized organelles are preferentially 
segregated into one daughter (Figure 6)? The advent of photoac-
tivatable and switchable fluorescent proteins should enable some 
of these questions to be answered fairly easily. The answers to 
other questions will require sophisticated screens that will be 
more difficult to implement. Finally, given the central importance 
of stem cells in all aspects of the development and morphogen-
esis of higher organisms, and in many types of cancer, the most 
pressing need for studies in mammals is the development of a 
robust, experimentally tractable, in vitro model for asymmetric 
cell division.
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